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Waveguide Coupler
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Two Types of Directional Couplers

I. Planar Waveguide Coupler (Out-of-Plane)
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Il. Dual-Channel Waveguide Coupler (In-Plane)
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Coupled Mode Theory for Directional Coupler
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monochromatic waveguide modes ‘

E(x,7,2,0) = AL(2)W(x, ) exp(=jc)
/v \
Axial (Longitudinal)  Transverse Time harmonic
Part Part
2(2) is a complex amplitude including phase term exp(;f3z)

tZ(x,y) represents the field distribution of a single waveguide
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Coupled Mode Theory for Directional Coupler

Waveguide I Waveguide II

N, (x,y) o N,(x,y)

We define the eigen modes in each optical waveguide satisfying Maxwell’s equations
x Ep: ja):%ﬁp
x ﬁ,; _ ja)é‘oszEp (p=1,2) N,(x,y): refractive index
The electromagnetic fields of the coupled waveguide is summation of two eigen modes

E =4 (Z)E' +A2(Z)]i2 A, and A, is the amplitude of
H=4(z)H: +4,(z)H: optical fields
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Coupled Mode Theory for Directional Coupler

The summed fields should also satisfy Maxwell’s equation

- .
x HE - JwgN'E  N(xy) denote the entire refractive

The vector formula index of coupled waveguide

X (AEF A% EOx4 £ B4 +E ?xu: E @)

’ iz
(the amplitude only varies at z-direction)
Combine (1) and (2)
@ xE) s xEn®h =0

(u, xﬁ])% + jwg,(N* =N2)AE: +(u, Xﬁz)% +jwg(N> —N,*)4,E2 =0 (4)
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Coupled Mode Theory for Directional Coupler

I—Z ,[:o[ﬁl* 4) - ﬁl* m3):| dxdy =0 (5)
.[:o .[:,[EZ‘ 4)-H, m3)]dxdy =0 (8)

From Eq. (5)
d4, | dA, . Jm u, EEI* xH: +E» Xﬁl*)dxdy
+ o

dz  dz '[jo J.jo u, mﬁl* xH, +E Xﬁl*)dxdy

wg,[" [T (N - N}E Euddy

A e = = =
J-_ J: u_ [(E: xH: +E: xH. )dxdy
wg [ [T (N - NHE Eadidy

+JjA @)

2 poo poo ~ %~ ~ ~ x
|7 [ w. GE: xHi +Ei xHi )dxdy
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Coupled Mode Theory for Directional Coupler

From Eq. (6)
dd4, | dA . J-oo u, ME~2 xH; +Ei xH, )dxdy
+ o

dz  dz '[jo .[_m u, mﬁz* xH: +E; Xﬁz*)dxdy

wg,[” [ (N = NE: (advdy

tih e s = =
J._ J-_ u_[(E: xH: +E: xH: )dxdy

we,[" " (N*-NE> Eadvdy
) B Gl

1 poo poo ~ ko~ ~ _~
[ [ w. QB2 xH, +E2 xHa )dxdy
Here we separate the transverse and axial dependencies of electromagnetic fields

E, =E, exp(jf3,2)
(p=12)

H, =H exp(j,2)
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Coupled Mode Theory for Directional Coupler

A A
Dot Loexpl (.~ A1+ ), + s X0 Li(B, ~F)Z] =0 (9) (rom (7)

dA dA
7; +oy d—z‘exp[—j(ﬁz =B)z]+j Xy 4y +jKy A expl —i(B, =B)z] =0 (10) (from (8))

where I
we, L, I_m(NZ -N)E,’ [E dxdy

" J._w J._w u, mEP* XHp +Ep XH;)dxdy

( q perturb p)

Iw J‘m u, mEp* xH, +E, XHp*)dxdy
PR By

Y uw.qE, xH, +E, xH " )dxdy

( q perturb p)

wg [ [T (V' -N,E, & dvdy
" J:I:,u: QE, xH, +E xH )dxdy
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Coupled Mode Theory for Directional Coupler
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Coupled Mode Theory for Directional Coupler

(a). Consider X,

X,=X, = X, isreal number

(b). Consider ¢,

Recall

e \ 1= s
P, —I_m_[_mERe(E,, xH, ) [, dxdy E :E(Eexp(—jat) +E exp(j(d))

0o . — (= e
I_WJ._W(EP xH,+E, xH ) W_dxdy =4P, =4 HZE(Hexp(—]at) +H eX]I)(j(d))

If Ep, Hp is the eigen mode

*

_ I_mj._muz WE, xH, +E, xH,")dxdy > e =
- 21 ~ Y12

C
Y w QR xH, +E, xH,")dxdy
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Coupled Mode Theory for Directional Coupler

(c). Consider

Suppose there is no coupling loss, the total power should be constant

o so | ~ o~ dP
P:J:wJ:wERe(EXH Jiddy and  —-=0

v

jAl*AZ(KZI* —K,, =20¢,,) exp(—j20z) _jAlAZ*(KZI _Klz* —25012*)exp(j20_z) =0

where 0= B.=B) for every z
2

* The coupling coefficients are complicate

conjugated when
— Two modes are in the same waveguide or —9 5=
— Two waveguides are phase matching

ﬁz _lb’l :0
2
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Coupled Mode Theory for Directional Coupler

General expression of coupled mode theory

dA . . . .

d—zl = jK,A4,exp(j20z) + jy, 4, [(9)—(10)%c, exp(j20z) =0]

dd, _ . . ) _ —i252) =

Al JK, A exp(—j20z) +jy, 4, [(10)=(9)*c, exp(—j20z) =0]
'z

K = K =X

a

K~ X

2
1—‘012‘

2 y{l

1—‘c12‘

where . and
_KnTw X

2
1—‘0,2‘

— Kty — X,

2
1—‘012‘

Y,

b
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Coupled Mode Theory for Directional Coupler

In most cases, we suppose two waveguides are sufficient separated

X,,~0 and C, <l

Then

‘KIZ :KZI‘ and ), = J, =0‘

The general coupled mode theory is simplified by

dAl = jKlez exp[j(ﬁz —,BI)Z]

dz
ifﬁ = jKy 4 exp[—j(B, —B)z]
Iz
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Coupled Mode Theory for Directional Coupler

The coupling between mode is given by the coupled mode
equations for the amplitudes of the two modes (guide 1 and guide 2)

d;l z e e 9
#:JlglAl(z)+]K12Az(Z) A =4 exp(jBz)
% ) 22 = 4, exp(jB,2)

= = JB, Ax(2) + jKy, Ai(2)

B, : the propagation constant of guide 1
B, : the propagation constant of guide 2

K, : the coupling coefficient from 2 to 1
K,, : the coupling coefficient from 1 to 2

In general, k,, and K,, are not equal. We suppose the coupling
coefficients are approximated and real

Ky =Ky =K
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Solutions of Directional Coupler

Ai(z) = {cos(gz) +f:sin(gz>}?1l(0) —jgsin<gz)22(0>}exp(j(/3l +3)z)

As(z) = {—jgsin(gz)?nw) +{cos(gz) +j§sin(gz)} Ezm)}exp(j(ﬁz -0)z)

ﬁz_ﬁl
2

If the initial condition A,(0) = 1 and A,(0) = 0, the solution is

Where g>=k*+d° and O=

(o) = {cos(gz) —jgsin(gz)}expuui +8)2)
A(2)= jﬁsin(gz) exp(j(B, = 8)2)

+ The propagation constant of each eigen mode becomes the
average of two individual propagation constants in the
coupling region
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Transferred Power

Transferred Power

Phase Matching Phase Mismatching
-2 :-.:u P1 12k :_-.,‘2;
P1

Transferred Power

P,

] s 2 AedD 2x ] /2 S Aer2 = 2x

Normalized Distance (gz) Normalized Distance (gz)

=0 . =2k
B(z)=4,(z) 4, (z)* =cos’(gz) +0° w
) -8

Where g2 =k>+0° and J= 5

P = A4 (2) 0 (o) = sin’(e2)

With a phase difference 9, the power transfer is incomplete
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Directional Coupler with Phase Matching

Suppose the two waveguides are identical

B=B=B
and Real
K, =K, =K /
The coupled mode equation becomes
A o ey )
dz
A8 - () + ()

If the initial condition A,(0) = 1 and A,(0) = 0, the solution is

:41(2) =cos(kz)exp(jfz)
4>(z) = jsin(kz)exp(jBz)
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Intensity

Directional Coupler with Phase Matching and

Loss
If we consider the loss a
o~ - ‘e‘"" ~ —
Pz N\ T TTmees - Ai(z) = cos(kz)exp(jBz) eXp(_EZ)
L& mn 22(2) = jsin(Kz)exp(j,Bz)exp(—%z)
T2k K
m=0,1,2,..
;(z) B(z) = 4(2) 4 (2) =cos®(kz)exp(-a'z)
: — 2 |P(2)= 4,(2)4, (2) =sin’(kz) exp(-a'z)

Propagation Distance

The optical power is completely transferred as propagation length (L)

2m+1)n
L=( ) ,m=012...
2K
ing-Chang Lee, Integrated Photonic Devices

What is the coupling coefficient?

Suppose two identical slab waveguides

| Sl N, A
.......... | > —>> 0 |
s E, Q n, T
| — —» N |
[ " kon
n, o'
. hy | S~
we, | (n? —n,)E,” E,dx z
K= _'[, 0 : > K= 2h2yexp(—ys) B
o 2
.[ﬁz mEl* xH, +E, XHI*)dx Py (h +y2)
S 2 72
K Vh IL;’B2 il exp(—ys)

T Bdy () k)

* The coupling coefficient is an exponential function of gap s.
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Transfer Matrix Expression

Suppose a lossless coupler

il

\\ 7
AN

Waveguide 1

R

e

e N o

Waveguide 2 \
2
A,
recall
= A4, _[N1=¢& je |4,
Ai(z) = cos(kz)exp(jfz) 4.7 ' 4
~ 02 je I-c i2
Ax(z) = jsin(kz)exp(jLz)
A,(0)=1, A,(0)=0 where ¢ =sin’*(kL) ¢’ : power coupling ratio
‘ Varying L affects the power coupling ratio
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Experimental Measurement
—>- -4— 3um ¢
3um
_> i — GaAs T
3pm
INPUT PLANE QUTPUT PLANE INPUT PLANE OQUTPUT PLANE

L =2.1 mm (100% coupler) L =1 mm (3dB coupler)

Ming-Chang Lee, Integrated Photonic Devices




Summary of Waveguide Coupling

When you design a waveguide coupler, you have to

« Consider the coupling coefficient (k)
« Consider the phase matching (Ap)
» Consider the coupling length (L)

)
P(z) = cos’(gz) exp(-az) +6° Smi(zgz)exp( -az)
g

2
P (2) =2 sin’(gz)exp(-az)
g

gZEK2+52
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Supermodes

Actually, the power oscillating between two waveguides can be thought
as the beating between two supermodes.

For example, suppose the two waveguides are identical,

A(z2) = 4, cos(kz) exp(jBz) " 41(0)= 4,
A>(2) = 4, sin(kz)exp(jBz) 4:(0)=0

E(2) = A2, (x,7) + A2 (20, (%, )
= 4, [, (x, y) cos(kz) exp(jB2) + jub, (x, y)sin(kz) exp(jBz)]

=4, {%w [exp(jikz) +exp(—jKz)] exp(jpBz) +§wz [exp(jikz) —exp( —jk 2)] exp(jﬂz)}

:Ao{%(l//l ~@,)exp j(B-K)z] +%(¢/1 +,)exp[j( B +K)Z]}

E,(2) E,(2)
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Supermodes

E(z) = 4, {%«/« ~i,)exp| j(B-K)z] +%(w1 +y,)exp[ (B +K)z]}

= AW, exp(jB,2) + 4, exp(j B2) = 4,E,(z) +4,E,(2)

1

v, :5(‘//1 ~¢,) {,Ba =B-kK
1 and

v, =5+

Where B,=B+k

Waveguide | Waveguide I Waveguide | Waveguide I

(Symmetric) (Antisymmetric)
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Supermodes

l//b wa w _>

(B,-B)L =2mm, m=0,1,2,..

ﬂb
+
Y b w" —
w7

(B, - B)L =2(m+1)1m, m =0,1,2,.. L”:,Bb—ﬁa T2k
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Polarization Dependent

Because the coupling coefficients of TE modes and TM
modes are different, we can design a polarization splitter.

\ uppose two identical wavegmd/
TE+TM SN /

where N integer and X7z K1y are coupling coefficient for TE and TM

™
_Nm_(QNhrm

TE 2 T‘\/l
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Symmetric Curved Waveguide Coupling

Parallel Waveguide Symmetric Curved Waveguide

Aq(s)

Az i
1(2) Waveguide 1 Waveguide 1
|
—> 2z / >
|
. \ s
A,(2) Waveguide 2 Waveguide 2

A,(s)
dA4\(2) = j B A(z)dz + jK , A>(2)dz dAi(s) = jB Ai(s)ds + jK,, (s) A2 (s)ds
d4>(2) = jB, A2 (2)dz + jk,, A (2)dz dA>(s) = jB, Ax(s)ds + jKy (5)Ai (s)ds

* Line coordinate vs. curve coordinate

* The amplitude increment can be modelled in point-to-point
correspondence
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Asymmetric Curved Waveguide Coupling

Waveguide 2

—» Y Waveguide 2

. - Tangent
0,= 900\; !
i

6,= 90° r VN Y

—p X  Waveguide 1 D Y=o 92/ 5,

T —p X=0 Waveguide 1
X: Axial coordinate for waveguide 2 X
Y: Axial coordinate for waveguide 1 X %
If Jrep - Gp)| then

If we can define a function to link X,Y curve coordinates such
that 6, = 6,, the asymmetric curved waveguide coupling can be
treated as a symmetric curved waveguide coupling.
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Asymmetric Curved Waveguide Coupling

The asymmetric curved waveguide coupling can be expressed by
coupled mode theory.

{d?h(x) = B Ai(x)dx + Ry (v) A2 (y)dy
d4x() = j B, (v) A= (y)dy + jR (x) A (x)dlx

d 1/2
R, =k, Bos(iT —26) [élj
here — = tan(-) dx
where R+D R and

1/2
K, =k, [dos(7T-26) [EZ;C]

7N

ﬁ(x) Coupling coefficlent The angle of
! due to gap SN T
B(x), B(»)
m-26
B.(»)
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|

Asymmetric Curved Waveguide Coupling

Consider the coupler is lossless; that is, the coupling

power is conservative

Rodx =R dy

The coupled mode theory becomes

dAi(x) = j 3, (x) A (x)dx + R, (x) A2 (y)dx ] &

dAi(x) = B (x)Ai(x) + & (x) A2 (1)

A40) =SBy +JRNACY | dB0) 45 )5 04 7 ()0

dy

|:Al(x):| =|:C|1(xay) Clz(x’y):| [EAl(xo):|

4,(y) C(x,y) Cu(x,») | | 4()

[C G +1Coy (e )] =[G 9 #Co (0] =1
C (%, ) €y (x,3) +Cyy (x, 1) [Ty (x,3) =0

| Due to power conservation |
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Example of Asymmetric Curved Waveguide
Coupling (Vertical Coupling)

ing

R
w: width
L el - 7 |
L)
(i) (ii)
w id
........ vty ey
microdisk J

I;,l_l [ <H

(i) Tangent Position (i) Deviated Position

(cross section)

(cross section)

Ming-Chang Lee, Integrated Photonic Devices




Example of Asymmetric Curved Waveguide
Coupling (Vertical Coupling)

For a silicon curved waveguide with 20-um radius of curvature and 0.8 um
width, coupling coefficient (k,) is analyzed as follow:

4
N 1OX10
£ s
c
o
S
% Gap: 0.4 pm
S 4
o
k=
s 2
3
[e]
o
-%0 =10 0 10 20

Coupling Position (um)

‘ The effective coupling length is only from -5um to 5pm

Ming-Chang Lee, Integrated Photonic Devices

Example of Asymmetric Curved Waveguide
Coupling (Vertical Coupling)

Because the coupling coefficient is dependent on the gap spacing, the
power coupling ratio is also a function of gap spacing.

Transfer back to the

4,(») 4 (x)l ______ l / original waveguide
|
........... [ R S
I P gt =
D | ©
. e = - f X o3
(=)
’ 7 Gap £ e
s Spacing o
7 R:20pum 3
So4
]
‘ 202
[e]
~ o

Straight Waveguide 0 02 04 06 08 1
AZ(y"v)\ 40%) Gap Spacing (um)

Curved Waveguide
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Coupler Fabrication

Gold

Gold mask

300 keV protons

I |
I4 /
/2 C fid
/ ’
7/ /
GaAs G:Es
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